Salicylic acid (SA), a hormone essential for defense against biotrophic pathogens, triggers increased susceptibility of plants against necrotrophic attackers by suppressing the jasmonic acid-ethylene (ET) defense response. Here, we show that this diseasepromoting SA effect is abolished in plants lacking the three related TGACG sequence-specific binding proteins TGA2, TGA5, and TGA6 (class II TGAs). After treatment of plants with the ET precursor 1-aminocyclopropane-1-carboxylic acid (ACC), activation of all those genes that are suppressed by SA depended on class II TGAs. Rather than TGA binding sites, GCC-box motifs were significantly enriched in the corresponding promoters. GCC-box motifs are recognized by members of the superfamily of APETALA2/ETHYLENE RESPONSE FACTORs (ERFs). Of 11 activating ACC-induced APETALA2/ERFs, only ORA59 (for OCTADECANOID-RESPONSIVE ARABIDOPSIS APETALA2/ETHYLENE RESPONSE FACTOR domain protein59) and ERF96 were strongly suppressed by SA. ORA59 is the master regulator of the jasmonic acid-ET-induced defense program. ORA59 transcript levels do not reach maximal levels in the tga2 tga5 tga6 triple mutant, and this residual activity cannot be suppressed by SA. The ORA59 promoter contains an essential TGA binding site and is a direct target of class II TGAs as revealed by chromatin immunoprecipitation experiments. We suggest that class II TGAs at the ORA59 promoter constitute an important regulatory hub for the activation and SA suppression of ACC-induced genes.
Plants live in challenging environments in which they have to combat a broad range of different microbial pathogens. This selective pressure led to the evolution of a sophisticated immune system, part of which is activated after recognition of the pathogen or pathogeninduced damage (Jones and Dangl, 2006) . Many responses are under hormonal control, with phytohormones salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) being of major importance. SA-activated responses are effective against biotrophic pathogens, which retrieve nutrients from living plant cells. In contrast, JA and ET elicit responses that combat necrotrophic microbes, which kill plant cells and feed on the remains (Glazebrook, 2005) . Both pathways are mutually antagonistic, so that plants can mount the appropriate immune response when attacked by a pathogen that stimulates biosynthesis of all three hormones (Spoel et al., 2003; De Vos et al., 2005) . The antagonism might also serve to prioritize one pathway over the other when plants are simultaneously or sequentially infected by microbes with different colonization strategies (Spoel et al., 2007; Spoel and Dong, 2008) .
Whereas activation of the JA pathway suppresses SA biosynthesis (Zheng et al., 2012) , activation of the SA pathway interferes with JA-ET signaling by blocking an unknown process downstream of the jasmonoyl-Ile receptor CORONATINE INSENSITIVE1 (COI1; LeonReyes et al., 2010b; Van der Does et al., 2013) . Apart from COI1 and the COI1-interacting jasmonate-ZIM domain (JAZ) corepressors, components of the ET signaling pathway are required for activation of the JA-ET pathway (Penninckx et al., 1998) . The molecular basis of JA-ET signaling interdependency can be explained by the interaction between the key transcriptional activators of ET signaling, ETHYLENE INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1), and the JAZ repressor protein, JAZ1 (Zhu et al., 2011) . If the pathway is triggered by ET, stability of EIN3/EIL1 is enhanced . If the pathway is triggered by JA, COI1-dependent degradation of the inhibitory JAZ protein leads to derepression of the activation capacity of EIN3/EIL1 (Zhu et al., 2011) . Activation of EIN3/EIL1 by either of these mechanisms leads to enhanced expression of genes encoding secondary transcription factors, including members of the APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) transcription factor superfamily (McGrath et al., 2005; Nakano et al., 2006a Nakano et al., , 2006b Chang et al., 2013) .
Because of the expansion of the AP2/ERF family (Nakano et al., 2006a) , many AP2/ERFs have been postulated to act in a redundant manner, and constitutive expression of several members is sufficient to activate JA-ET-regulated genes (Lorenzo et al., 2003; Oñate-Sánchez et al., 2007; Pré et al., 2008) . Despite this assumed redundancy, loss of function of the AP2/ERF transcription factor OCTADECANOID-RESPONSIVE ARABIDOPSIS APETALA2/ETHYLENE RESPONSE FACTOR domain protein59 (ORA59) renders plants more susceptible to necrotrophic pathogens and compromises expression of JA-ET-induced marker genes, like PLANT DEFENSIN1.2 (PDF1.2; Pré et al., 2008) . Transcription of ORA59 can be induced by either JA or ET. It is not yet known whether the ORA59 promoter is a direct target of the EIN3/EIL1-JAZ1 complex.
Apart from COI1, JAZ1, and EIN3/EIL1, the three related TGACG sequence-specific binding proteins, TGA2, TGA5, and TGA6 (class II TGAs), play important roles in the activation of defense responses against necrotrophic pathogens (Zander et al., 2010) . Although class II TGAs are not necessary for PDF1.2 induction after JA treatment, they are required for PDF1.2 induction after treatment of plants with the necrotrophic pathogen Botrytis cinerea or the ET precursor 1-aminocyclopropane-1-carboxylic acid (ACC). This is noteworthy, because class II TGAs are also essential for SA-activated defense responses (Zhang et al., 2003) . In this context, they interact with the transcriptional coactivator NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1; Zhang et al., 1999) , which translocates into the nucleus when SA levels increase (Mou et al., 2003) . Apparently, class II TGAs are essential activators of two different defense pathways.
SA can interfere with activation of PDF1.2 (Spoel et al., 2003) . This negative effect is mediated through different mechanisms, depending on whether PDF1.2 induction is triggered by JA or ACC. If PDF1.2 expression is induced by JA, the SA antagonism depends on class II TGAs and NPR1 (Spoel et al., 2003; Ndamukong et al., 2007) . The molecular mechanism of this cross talk has not yet been elucidated, but it occurs downstream of COI1 and JAZ protein degradation and might involve regulation of ORA59 protein levels (Van der Does et al., 2013) . When ACC is used as the inducing hormone, class II TGAs become important for the activation of PDF1.2 expression (Zander et al., 2010) . The residual PDF1.2 activity in the tga256 mutant is not suppressed by SA, indicating that the tga256 mutant mimics a permanent SA-ET cross talk. Moreover, the negative effect of SA is independent from NPR1 ( Leon-Reyes et al., 2009) .
Here, we investigated the global role of class II TGAs within the ET pathway and identified the promoter of the key regulatory gene ORA59 as their direct target site in the cascade. We show that ORA59 promoter activity is reduced in the presence of SA. This observation explains our finding that TGA factors are required for the induction of nearly all ACC-induced genes that are subject to the negative regulation by SA. Because the promoter of the key regulatory gene ORA59 contains an essential TGACGT motif and because TGA factors bind to this promoter in vivo, we propose that repression of TGA factor activity at the ORA59 promoter constitutes a major mechanism of the SA-ET cross talk.
RESULTS
The tga256 Mutant Mimics SA-Induced Susceptibility to B. cinerea
To examine the contribution of class II TGAs (TGA2, TGA5, and TGA6) to SA-induced susceptibility of Arabidopsis (Arabidopsis thaliana) to necrotrophic pathogens, we treated wild-type plants and the tga2 tga5 tga6 (tga256) triple mutant (Zhang et al., 2003) for 24 h with 1 mM SA before drop infection with B. cinerea. Quantification of lesion sizes confirmed that SA pretreatment increased susceptibility of Arabidopsis to B. cinerea (Fig. 1) . The tga256 mutant plants were more susceptible than the SA-treated wild type, and their susceptibility was not further aggravated by SA.
Class II TGA Factors Are Important for Activating All ACC-Induced Genes That Are Suppressed by SA Class II TGAs are important for ACC-induced expression of the marker gene PDF1.2 and efficient induction of defense responses against B. cinerea ( Fig. 1 ; Zander et al., 2010) . To address the question on the global importance of these TGA factors for the activation of genes by ACC, we performed microarray analyses. To this end, wild-type and tga256 plants were treated with the ET precursor ACC. In addition, ACC and SA were applied simultaneously to correlate the requirement for TGA factors with the negative influence of SA. The experimental design included four pharmacological treatments (water, ACC, SA, and ACC-SA) Figure 1 . Effect of SA pretreatment on the size of B. cinerea-induced lesions after infection of wild-type and tga256 mutant plants. Fourweek-old soil-grown wild-type (WT) and tga256 plants were pretreated with 1 mM SA for 24 h and then drop inoculated with a B. cinerea spore suspension (5 3 10 4 spores mL
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) or one-quarterstrength potato dextrose broth as the mock control. The diameters of at least 35 lesions per genotype and treatment were measured and grouped into the indicated different size classes.
of eight 4-week-old wild-type and eight tga256 plants. This setup was repeated three times with independently grown plants. The tissue was harvested after 12 h. Of more than 22,000 Arabidopsis genes on the Affymetrix ATH1 gene chip, 374 genes were more than 2-fold (P , 0.05) up-regulated in wild-type plants after ACC treatment (Supplemental Data Set S1). They include known genes of the JA-ET pathway (e.g. PDF1.2, GCN5-RELATED N-ACETYLTRANSFERASE family protein, DARK-INDUCIBLE11, and WRKY40), which are also inducible by JA (Van der Does et al., 2013) .
As displayed in Figure 2A , 136 of 374 ACC-induced genes were significantly less expressed (less than 2-fold; P , 0.05) in the tga256 mutant (Supplemental Data Set S2). This group can be further divided into those that are negatively affected by SA (63 genes; Supplemental Data Set S3) and those that are not negatively affected by SA (73 genes; Supplemental Data Set S4). From 238 genes that were expressed in a TGA-independent manner (Supplemental Data Set S5), only 11 genes were negatively regulated by SA (Supplemental Data Set S6).
Because 63 of 74 SA-suppressed genes (Supplemental Data Set S7) were TGA dependent, we had a closer look at those 11 genes (Supplemental Data Set S6) that were subject to the SA antagonism but seemed to be independent of class II TGAs. When applying slightly less strong classification criteria (1.5-fold higher expressed in ACC-treated wild-type than ACC-treated tga256 plants; P , 0.05), seven genes turned out to be TGA dependent. From the remaining four genes, one gene (At4g35720) is significantly higher expressed in the ACC-and ACC-SAtreated tga256 mutant compared with the wild type, one gene (At4g29700) is significantly higher expressed in the water-, SA-, and ACC-SA-treated tga256 mutant than in the wild type, and one gene (At5g63580) is significantly higher expressed in the tga256 mutant after SA and ACC-SA treatments. These data reveal that the SA-ET antagonism targets TGA-controlled genes with one exception only (At4g23600). To identify transcription factor binding motifs in the promoters of the different gene clusters as defined in Figure 2A , we scanned 1-kb sequences upstream of the predicted transcriptional start sites using the Motif Mapper cis-element analysis tool ( Fig. 2B ; Berendzen et al., 2012) . The program finds the average number of specific binding sites in a given group of genes that was randomly chosen (1,000 times) from the whole genome (Fig. 2B, top) and compares this number with the actual number of binding sites within a specific group of genes. As expected, the program identified the binding site of AP2/ERF transcription factors (GCCGCC) as being 2-fold more frequent in the group of 374 ACC-induced genes than in 374 randomly chosen genes from the genome. The CACGTG motif, which is a binding site for basic helixloop-helix transcription factor MYC2 (Godoy et al., 2011) and G-box binding factors (Izawa et al., 1993) , occurs 1.6-fold more than predicted, whereas the WRKY binding site TTGAC(C/T) and the TGA binding site TGACGT (Izawa et al., 1993 ) were 1.3-fold enriched. WRKY boxes and TGACGT motifs were found more frequently than predicted in SA-induced promoters (Supplemental Data Set S8 shows SA-induced genes).
Next, we asked the question of how these motifs were distributed among the following four subgroups within the set of 374 ACC-induced genes: (1) TGA dependent, (2) TGA independent, (3) TGA dependent not suppressed by SA, and (4) suppressed by SA. Whereas the GCCGCC element was enriched in all four subgroups (Fig. 2B, top) , it was relatively more enriched in TGA-dependent promoters than in TGA-independent promoters (Fig. 2B,  bottom) . The related GCTGCT motif was especially overrepresented in promoters of the SA-suppressed ACCinduced genes. In contrast, the TGA binding motif was not enriched in this subgroup. These data suggest that TGA factors might regulate expression of one or more central regulators that recognize GCCGCC and GCTGCT elements.
Transcript Levels of ACC-Induced Genes Are Similar in Wild-Type and tga256 Mutant Plants after ACC-SA Treatment To visualize and cluster the relative transcript levels of all ACC-induced genes in the two ACC-treated genotypes with and without SA, we applied the MarVis software ( Fig. 3 ; Kaever et al., 2009 ). This program clusters genes with similar relative expression levels into prototypes (Supplemental Data Set S9) and color codes the relative expression levels in the four treatments. In contrast to the Euler diagram ( Fig. 2A) , where genes with similar expression patterns can fall into different groups, even if they just miss the threshold that determines their classification, the MarVis representation reflects that the relative influence of the SA treatment and the tga256 alleles covers a continuum from stronger to weaker effects. Still, it becomes obvious that nearly all those genes that are suppressed by SA are expressed to lower levels in the tga256 mutant and that a set of SA-unaffected genes depends at least partially on TGA factors. Whereas Figure 2A classifies only 36% of the genes as being TGA dependent, the MarVis representation (blue for low expression) suggests that roughly 75% of the genes are less expressed in the tga256 mutant. Because the MarVis program does not take P values into account, some of the color-coded fluctuations could be caused by variations according to the Gaussian distribution. However, in this case, a set of genes should be expressed to higher levels in the tga256 mutant than in the wild type. Because only a very small fraction of genes is hyperinduced in the tga256 mutant, we conclude that expression of roughly 75% of the genes is at least partially influenced by TGA factors.
Remarkably, the diagram visualizes that the transcriptomes of ACC-induced wild-type and tga256 plants differ to a considerable extent. In contrast, after ACC-SA treatment, differences are much less pronounced. This finding can be explained by assuming that SA treatment and interference with TGA function by genetic means target similar mechanisms.
Because the binding motifs for AP2/ERF transcription factors are overrepresented in those genes that are subject to the SA antagonism, we analyzed which of the ACC-induced AP2/ERF transcription factor genes are regulated in the same manner. According to our A, Classification of ACC-induced genes with respect to their expression pattern after additional SA treatment of wild-type and tga256 mutant plants. In total, 374 ACC-induced genes (2-fold difference in expression levels; P , 0.05 compared with the water-treated wild type) were classified with respect to their expression in the tga256 mutant and the combined SA-ACC treatment: (1) 136 genes less expressed in the tga256 mutant after ACC treatment called TGA2/5/6-dependent genes, (2) 238 genes expressed to similar levels in wild-type and tga256 mutant plants after ACC treatment called TGA2/5/6-independent genes, (3) 73 genes less expressed in the tga256 mutant after ACC treatment and not negatively affected on additional SA treatment in wild-type plants, and (4) 74 genes less expressed in ACC-SA-treated plants than in ACC-treated plants. From these, 63 genes were TGA dependent, and 11 genes were TGA independent. B, Promoter elements enriched in different subgroups of ACC-induced genes as defined in A. The occurrence of enriched motifs was determined in the 1-kb sequences upstream of the 59-untranslated regions. Numbers before the slash represent the total number of occurrences of the given motif within the indicated set. Numbers after the slash represent the expected number of occurrences in a set of randomly chosen promoters from either the whole genome (top) or the set of 374 ACC-induced genes (bottom). The corresponding enrichment P values are color coded. Gray, Not significant; green, significantly depleted; red, significantly enriched. The transcription factors binding to the motifs are displayed. The question mark in the last column indicates that binding of AP2/ERF transcription factors to the GCTGCT sequence has not yet been shown. microarray analysis, transcription of ORA59, ERF96, ERF1, and ERF15 is subject to the SA antagonism. Figure 3 illustrates their position on the MarVis map. We also included transcription factor MYB113 in our analysis, because it falls into the same cluster as ORA59. Moreover, we show the relative position of ERF9, which is a representative gene from the group of TGA-independent genes that are not subject to the SA antagonism, and the relative position of abscisic acid-responsive (A) transcription factor NAC032 (ANAC032), which is a representative gene from the group of TGA-dependent genes that are not subject to the SA antagonism. PDF1.2 falls into the first cluster, which is very stringently affected by SA and strongly depends on TGA factors.
Genes Regulated by ORA59 Require TGA Factors for Maximal Expression and Are Suppressed by SA Based on the observations that ERF recognition motifs are overrepresented in ACC-induced genes subject to the SA antagonism and that transcription of several ERFs was induced by ACC and repressed by SA, we aimed to analyze which of these ERFs might be direct targets of the SA antagonism. Because ORA59 has been described before as being crucial for the defense against necrotrophic pathogens (Pré et al., 2008) , we considered it to be a promising candidate target. Therefore, we monitored ERF gene expression in the ora59 mutant (GABIKat line GK-061A12 containing a transfer DNA insertion in the single ORA59 exon) at 24 h after treatment with either ACC or ACC and SA (Fig. 4) . Wild-type plants and the tga256 mutant were analyzed side by side. As already detected by microarray analysis at 12 h, TGA-dependent ACC induction and SA suppression were again observed for the ORA59 transcript (Fig. 4) . Consistent with the low ORA59 transcript levels in the ora59 mutant, PDF1.2 expression was low, confirming the line GK-061A12 as a functional knockout. From all analyzed ERF genes, ACCinduced ERF96 showed the strongest SA suppression and the strongest requirement of TGA factors. Expression depended, to a large extent, on ORA59, supporting the idea that the antagonism targets ORA59.
ERF1 transcript levels were less stringently affected by SA and TGA factors. Still, transcript levels partially depended on ORA59. A similar pattern was observed for ERF14, which is not represented by the ATH1 array but was previously described as being important for ET-induced PDF1.2 expression (Oñate-Sánchez et al., 2007) . The correlation between the influence of the ora59 allele and the influence of the tga256 alleles and SA suggests that the TGA-mediated SA antagonism regulating expression of ORA59 determines the expression of its downstream genes. ACC induction of ERF15 was less pronounced than expected from our microarray Figure 3 . Clustering of 374 ACC-induced genes according to their expression levels in ACC-treated wild-type (WT) and tga256 mutant plants with and without additional SA treatment. Genes were clustered into 50 prototypes according to their normalized expression pattern using the MarVis software (top). The width of each prototype column is proportional to the number of genes assigned to this prototype. Bottom, The normalized expression profiles of the individual transcripts. The program color codes the relative expression of a given prototype (top) or transcript (bottom) in the four treatments. Red depicts the highest relative expression, and blue depicts the lowest relative expression (see color scale). The positions of selected transcription factors and PDF1.2 in this analysis are shown below.
analysis, and its expression was more stringently affected by TGA factors than by SA and ORA59.
ET leads to not only the induction of activating ERFs but also, the induction of repressive ERFs (McGrath et al., 2005) . In our experiments, repressive ERFs ERF8, ERF9, and ERF11, were induced by ACC. These genes belong to the group of TGA-independent genes (Supplemental Data Set S5). This result was reproduced for ERF9 by quantitative reverse transcription (RT)-PCR. However, a slight influence of the ora59 allele and a slight influence of SA in all three genotypes were detected. Thus, subtle negative effects of SA seem to occur, even in the tga256 mutant.
According to our microarray analysis, MYB113 is coregulated with ORA59 and therefore, a candidate for regulating genes subject to the SA-ET antagonism. In this independent experiment, MYB113 expression was again similar to ORA59 expression. Like ERF96, it is regulated by ORA59, which supports the notion that only ORA59 is the direct target for the positive effect of TGA factors and the negative effect of SA.
Last, we analyzed ANAC032 transcript levels. ANAC032 is a representative of the TGA-dependent genes that are not suppressed by SA (Supplemental Data Set S4). This expression pattern was also observed in the independent quantitative RT-PCR experiment. Induction by ACC was weak, but this induction depended at least partially on ORA59.
Class II TGA Factors Bind to the ORA59 Promoter in Vivo
Quantitative RT-PCR analysis from RNA of the ora59 mutant had suggested that ORA59 is the master regulator of those genes that are influenced by SA and tga256 alleles. Therefore, we hypothesized that the ORA59 promoter is a direct target of class II TGAs. An inverted TGACGT motif at base pair position 2314 relative to the predicted transcriptional start might serve as a TGA binding site (Fig. 5A ). To test for in vivo binding of class II TGAs to the ORA59 promoter, chromatin immunoprecipitation (ChIP) analyses were performed using an antiserum against TGA2 and TGA5 (Ndamukong et al., 2007) . Chromatin was prepared from water-and ACCtreated wild-type and tga256 plants. In water-treated wild-type plants, a 3-fold enrichment of the TGACGT containing the ORA59 promoter fragment (amplified between base pair positions 2393 and 2292) compared with tga256 mutant plants was detected (Fig. 5B) . The enhancing effect of ACC was somewhat diminished on SA treatment (Supplemental Fig. S1 ). These data indicate that class II TGAs bind to the ORA59 promoter in vivo. In contrast, we did not detect TGA binding to the ERF96 promoter. Apparently, the TGACG motif in this promoter is not sufficient to recruit class II TGA factors.
To determine whether the TGACGT motif is crucial for the activation of the ORA59 promoter, we generated transgenic lines carrying either the wild-type promoter (from +45 to 2933) or a TGACGT-deficient promoter fused to the GUS gene. Analysis of 22 independent transgenic lines of each construct showed that the wildtype ORA59 pro :GUS construct was inducible by a factor of 6 after ACC treatment, whereas no induction of the ORA59 pro :GUS gene with the mutated TGA binding site was observed ( Fig. 5C; Supplemental Fig. S2 ). Collectively, these data indicate that the ORA59 promoter is a direct target of class II TGAs. According to our microarray analysis, 36% of the ETinduced genes require class II TGAs for maximal expression. The decreased expression of TGA-dependent genes is very likely responsible for the increased susceptibility of the tga256 mutant to B. cinerea (Fig. 1) . To analyze whether TGA factors are also involved in ETdependent developmental responses, we grew wild-type and tga256 mutant seedlings on ACC, which leads to reduced growth and exaggerated hypocotyl hook curvature as part of the so-called triple response. In this assay, the tga256 mutant responded to ACC in a similar manner as wild-type plants, although reduction of hypocotyl length was slightly less pronounced (Fig. 6A) . Thus, TGA factors are not involved in the ET-induced triple response. This result is supported by the phenotype of the constitutive triple response1 (ctr1) tga256 quadruple mutant, which like ctr1, shows severe growth defects caused by a constitutively active ET signaling cascade ( Fig. 6B; Alonso et al., 2003) . Although growth in ctr1 was not affected by the three tga alleles, the elevated PDF1.2 transcript levels observed in ctr1 are reverted back to wild-type levels (Fig. 6C) . This result underpins the importance of class II TGAs for induction of PDF1.2 and shows that they act downstream of the EIN2-inhibiting Ser/Thr kinase CTR1.
DISCUSSION
ET is a key regulatory signaling molecule in plant development and plant defense. The latter function is interconnected with the JA signaling pathway and controlled by the AP2/ERF transcription factor ORA59. In this study, we investigated the role of class II TGA transcription factors in ACC-induced transcriptional reprogramming. We found that at least 36% of ACCinduced genes require TGA factors for maximal expression and that 20% of the ACC-induced genes are down-regulated by SA. Remarkably, ACC-induced expression of all SA-suppressed genes depends on TGA factors, with one exception only. We identified the ORA59 promoter as a direct target of the activating TGA function in the JA-ET pathway. SA-sensitive TGAdependent regulation of ORA59 transcription might, therefore, explain the SA-ET antagonism. In Figure 7 , we present a schematic model on the integration of TGA factors and SA into the ET pathway. Microarray analysis of ACC-treated wild-type and tga256 mutant plants revealed that more than one-third of all ACC-induced genes require TGA factors for maximal expression (Fig. 2A) . On average, they are more strongly induced (5.0-fold) than those genes that are expressed in a TGA-independent manner (2.7-fold). Many of the TGA-dependent genes encode proteins involved in defense reactions, like cell wall biosynthesis, secondary metabolism, and genes known to respond to biotic stress. Consistently, the tga256 mutant develops larger lesions after B. cinerea infections (Fig. 1) . All those genes that can be suppressed by SA fall into the group of TGA-controlled genes, with one exception only. Because SA-suppressible genes are not induced by ACC in the tga256 mutant, the expression pattern of ACC-induced genes is similar in ACC-SA-treated wild-type and ACC-SA-treated tga256 mutant plants (Fig. 3) . This profile is consistent with the effect of SA and tga256 alleles on the defense against B. cinerea: SA treatment of wild-type Figure 5 . Analysis of TGA binding to the ORA59 promoter and functional analysis of the inverted TGACGT motif. A, Schematic diagram of the ORA59 and the ERF96 promoters highlighting the sequence around the putative TGA binding sites (bold and underlined) and the GCCGCC box in the ORA59 promoter (bold). Arrows denote the position of the primers used for amplification of promoter fragments after ChIP. The transcriptional start site of ORA59 is marked by a bent arrow (position +1). The indicated ORA59 fragment was cloned upstream of the GUS gene with either the intact ACGTCA motif or the indicated point mutations (small letters). B, ChIP analysis. Four-weekold soil-grown wild-type and tga256 mutant plants were treated with 1 mM ACC or water for 24 h. Ten plants were combined per treatment and per experiment. Chromatin samples were subjected to immunoprecipitation using the aTGA2,5 antiserum. The coimmunoprecipitated DNA was recovered and analyzed with quantitative PCR using the primer pairs as indicated above. A genomic fragment of ACTIN8 was used as a reference. The average values (6 SE) from two experiments with independently grown plants are shown. C, GUS activities of transgenic plants carrying the wild type and the mutated ORA59 pro :GUS constructs as depicted in A. Values represent the average relative GUS (Rel. GUS) activities (6 SE) from 22 independent F2 lines per construct. The average GUS activity yielded by the ACC-induced ORA59 promoter was set to 100%. Plants were treated with either water, 1 mM ACC, or 1 mM ACC and 1 mM SA and harvested after 24 h. The values of the individual lines are shown in Supplemental Figure S2 . WT, Wild type. plants leads to bigger lesions, whereas the already elevated susceptibility of the tga256 mutant is not aggravated (Fig. 1) .
Class II TGA Factors Are Activators of ET-Induced ORA59 Transcription
After having identified that class II TGAs play a major role in the transcriptional activation of ET-induced defense genes, we aimed to identify their target site in the pathway. A generally accepted concept explaining gene regulatory networks is that master regulators control a set of coregulated genes. In the case of ET signaling, transcription factor EIN3 is stabilized and controls the expression of secondary transcription factors, including members of the AP2/ERF family (Chang et al., 2013 ). An important AP2/ERF transcription factor required for resistance against necrotrophic fungi is ORA59 (Pré et al., 2008) . As reported previously (Leon-Reyes et al., 2010a), our microarray analysis revealed that ORA59 expression is induced by ACC and suppressed by SA. Moreover, its expression is lower in the tga256 mutant, and this low expression is not affected by SA (Fig. 4) . In accordance with previous data obtained with ORA59 RNA interference lines (Pré et al., 2008) , analysis of an ora59 insertion line revealed the importance of ORA59 for PDF1.2 expression. Genes encoding transcription factors, like ERF96 and MYB113, are less expressed in the ora59 background, supporting the idea that ORA59 is a master regulator that influences a large set of genes either directly or indirectly through tertiary transcription factors (Fig. 7) . Along these lines, the influence of TGA factors on the whole pathway might be mediated through direct regulation of ORA59 transcription.
Class II TGAs influence gene expression by binding to their target sequences in promoter regions. The optimal binding site for TGA transcription factors is the palindromic sequence TGACGTCA (Qin et al., 1994 Lam et al., 1989) . These binding sites can be relaxed, especially when two motifs are arranged in tandem at a distance of 12 bp between the palindromic centers (Krawczyk et al., 2002) . This is the case in the as-1-like sequence of the octopine synthase promoter (aaACGTaA and TtACGTac; Singh et al., 1990) . In vitro, TGA factors can recognize a single TGACG motif, which is found at base pair positions 2397 to 2393 relative to the transcriptional start site (+1) in the PDF1.2 promoter (Spoel et al., 2003) . However, this motif is not necessary for PDF1.2 promoter activity in JA-ACC-treated plants, although TGA factors are required for its activation (Zander et al., 2010) . Therefore, it seems that TGAs contribute indirectly to the activation of PDF1.2. Single functional TGA binding motifs with distinct functions have been identified in the PATHOGENESIS-RELATED1 promoter (Lebel et al., 1998; Pape et al., 2010) . Here, the binding sequence is a hexamer (ACGTCA). The ORA59 promoter contains a functionally important ACGTCA sequence next to a GCCGCC element (Fig. 5A) . ChIP experiments detected TGA proteins at the ORA59 but not at the ERF96 promoter, which contains the pentameric CGTCA motif. We, therefore, conclude that expression of ORA59 is directly controlled by TGA factors and that the ORA59-dependent ERF96 gene is an indirect target of TGA factors.
Because the ORA59 promoter might be connected to the ET-signaling cascade through EIN3 (Pré et al., 2008) , we envision that an EIN3-activated process depends on class II TGAs at the ORA59 promoter. Examples for a supporting role of TGA factors in promoters responding to different stimuli have been reported before. The as-1 element is required to mediate light-responsive gene expression from a chimeric promoter consisting of four light-responsive cis-elements fused to the CaMV core promoter (Lam and Chua, 1990) . Likewise, JA-activated transcriptional activator MYC2 cannot activate its target CYP81D11 in tga256 plants (Köster et al., 2012) . It can be envisioned that TGA factors are necessary components of protein complexes (also called enhanceosomes) that have to assemble to initiate transcription at the corresponding promoters.
The identification of TGA factors at the ORA59 promoter and the insensitivity of the tga256 mutant to the negative SA effect on defense responses against B. cinerea (Fig. 1) give rise to the speculation that TGAs perceive the negative SA signal directly at the ORA59 promoter. Consistently, preliminary ChIP experiments revealed that SA lowers the amount of ORA59 promoter fragments that can be immunoprecipitated with the a-TGA2,5 antiserum (Supplemental Fig. S1 ). Whether this effect results from reduced DNA binding of TGA factors or compromised recognition by the antiserum because of the recruitment of repressive proteins cannot be resolved. We have shown before that ectopic expression of the TGAinteracting GLUTAREDOXIN480 (GRX480)/ROXY19 interferes with ACC-induced ORA59 transcription (Zander et al., 2012) . Therefore, we propose the following scenario ( Fig. 7) : GRX480/ROXY19, which is induced by SA, is recruited to class II TGAs at the ORA59 promoter, where it represses transcription. Whatever the repressive mechanism, our model has to be reconciled with the well-established role of these TGA factors as positive regulators of gene expression after SA treatment (Zhang et al., 2003) . In this case, class II TGAs recruit either the SA-regulated transcriptional coactivator NPR1 (Rochon et al., 2006) or the xenobioticactivated regulatory protein SCL14 (Fode et al., 2008) to a distinct set of target promoters. In conclusion, it has to be assumed that the recruitment of different TGA-interacting proteins depends on the promoter context. TGA factors bind to an inverted TGACGT motif in the ORA59 promoter, thus promoting transcription. The GCCGCC element adjacent to the TGACGT motif might be bound by either ORA59 or other ERFs. ORA59 subsequently activates downstream genes like ERF96, MYB113, and PDF1.2 and influences expression of other genes like, for example, ERF1 and ANAC032. In the presence of SA, TGA-interacting GRX480/ROXY19 is induced. GRX480/ROXY19 is recruited to the TGA factors at the ORA59 promoter to repress transcription through an unknown mechanism. The TGA-dependent ACC activation and the negative effect of SA is, thus, transmitted to all those genes that depend either strongly or weakly on ORA59. ANAC032 belongs to the class of genes that is TGA dependent but not suppressed by SA. The negative effect of SA, which leads to decreased ORA59 levels and thus, decreased ANAC032 transcript levels, is compensated for by the stimulatory action of SA through the activating SCL14/ TGA protein complex at this promoter. Because ERF96, MYB113, and PDF1.2 are more affected by TGA factors and SA than ORA59 (Supplemental Fig. S3 ), we postulate an additional mode of SA-sensitive TGA function downstream of ORA59 transcription. The scheme is based on both ChIP experiments and still hypothetical binding of regulatory proteins to the indicated promoters. Binding of EIN3 to several ERF promoters has been shown by ChIP (Chang et al., 2013) . Although binding to the ORA59 promoter was not detected in ET-treated dark-grown seedlings, direct activation of this promoter by EIN3 is inferred from transient assays (Zander et al., 2012) . TGA factors have been shown to bind to the ORA59 promoter (this study), and ORA59 binds to the PDF1.2 promoter in vivo (Zarei et al., 2011) . The remaining association of these proteins and others with promoter sequences is hypothesized because of the presence of known cis-elements in these promoters combined with expression data in mutants (ora59, tga256, and scl14) and transgenic plants (35S pro :GRX480 and 35S pro :SCL14). The color code was chosen as in Figure 2 : TGA-independent genes are highlighted in yellow, TGA-dependent genes that are suppressed by SA are in red, and TGA-dependent genes that are not suppressed by SA are shown in blue.
ORA59 But Not ERF1 Affects Expression of Downstream Genes Subject to the SA-ET Antagonism
In accordance with the concept that AP2/ERF transcription factors are activators of ET-induced genes, their binding motif (GCCGCC) is significantly enriched in the promoters of 374 ACC-induced genes. The relative abundance of these binding sites in the different subgroups of these genes correlates with the average induction levels, which are high in the group of SAsuppressed genes (6.4-fold), intermediate in the group of TGA-dependent genes that are not suppressed by SA (3.6-fold), and low for the TGA-independent genes (2.7-fold). It is conspicuous that the GCCGCC motif is even more enriched in the group of TGA-dependent genes that are suppressed by SA (Fig. 2B) . Moreover, the GCTGCT sequence is found more frequently than expected in these promoters. Whether this motif is recognized by ORA59, other ERFs, or other transcription factors is not known.
When ectopically expressed, ERF1 and ERF14 constitutively activate PDF1.2 (Berrocal-Lobo et al., 2002; Oñate-Sánchez et al., 2007) . In our experimental setup, ERF1 and ERF14 transcript levels are elevated, even under conditions where PDF1.2 transcript levels have remained low (in the presence of SA, in the tga256 mutant, or in the ora59 mutant; Fig. 4 ). This suggests that ORA59 is the most important regulator of PDF1.2 and that endogenous levels of ERF1 and ERF14 are not high enough to activate PDF1.2 expression. ERF1 and ERF14 expression partially depends on ORA59, which correlates with a weak influence of SA and tga256 alleles. Direct binding of EIN3 to the ERF1 promoter (Chang et al., 2013 ) might explain why part of its activation is ORA59 and TGA independent.
The TGA-Dependent SA-ET Antagonism May Target Processes Independent from ORA59 Transcription ACC-induced ORA59 transcription is negatively regulated by SA, but it is not as stringently affected as transcription of downstream genes like, for example, MYB113, ERF96, and PDF1.2 (Fig. 4) . Moreover, the extent of the SA effect on ORA59 transcription varies between experiments, whereas the stringency on PDF1.2 expression is very robust (Supplemental Fig. S3 ). In addition, our microarray analysis has revealed 22 ACC-induced genes that show a more pronounced down-regulation by SA than ORA59 (Supplemental Data Set S3). Based on the fact that a TGACGT motif is found only in two of these genes, it is unlikely that they are controlled by the same TGA-dependent mechanism as ORA59.
One possible explanation for an enhancement of the SA-ET antagonism at promoters regulated by ORA59 would be that the ratio between ORA59 and the repressive ERF-associated amphiphilic repression (EAR) domain containing AP2/ERF transcription factors changes after SA treatment. Figure 4 shows that ERF9 transcript levels are only slightly negatively affected by SA. Likewise, the repressive ERFs ERF8 and ERF11 belong to the group of ACC-induced genes that are not suppressed by SA (Supplemental Dataset S5). As soon as ORA59 protein levels would drop beneath a certain threshold, EAR-ERFs, which are only slightly affected by SA, might compete efficiently with ORA59 at GCCGCC elements and would, thus, lower transcription of ACC-induced ORA59 target genes. This notion is consistent with a recent report that documents a repressive function of ERF9 at the GCCGCC element of the PDF1.2 promoter (Maruyama et al., 2013) . Although such a contribution of repressive ERFs to the SA-ET antagonism is conceivable, it does not explain that the SA-ET antagonism is stronger at promoters downstream of ORA59 than on the ORA59 promoter itself.
Another scenario would be that ORA59 protein levels or ORA59 protein activity are regulated. Because activation of the ORA59 target genes is strictly TGA dependent, we would postulate that TGA factors exert either directly or indirectly a positive effect on ORA59 protein activity. This activity would be counteracted by SA (Fig. 7) . Recently, a negative effect of SA on ORA59 protein levels was shown in plants that constitutively express ORA59 (Van der Does et al., 2013) . Therefore, SA-TGA-dependent modulation of ORA59 protein levels might also play a role in the SA-ET antagonism. Although the negative effect of SA on PDF1.2 transcript levels is very robust, the negative effect of SA on ORA59 protein levels in SA-JA-treated plants was not consistently observed (Van der Does et al., 2013) . Thus, the relative contribution of transcriptional and posttranscriptional regulation of ORA59 might change depending on the prevailing environmental conditions. Because the SA antagonism involves different genetic components depending on whether the pathway is induced by JA or ET (Leon-Reyes et al., 2009 , 2010a , fluctuating endogenous levels of these hormones might influence the mode of SA antagonism.
ORA59 and TGA Factors Control Expression of ACC-Induced ANAC032 That Is Not Suppressed by SA Although our study focused on those ACC-induced genes that are suppressed by SA, we have to discuss our observation that TGA transcription factors contribute to expression of 73 ACC-induced genes that are not subject to the SA-ET cross talk (Fig. 3) . If TGA factors would only target the ORA59 promoter, all of the TGA-dependent genes would be downstream of ORA59 and should be suppressed by SA (Fig. 7) . Therefore, we have to postulate that TGA factors regulate other promoters in a way that is not subject to the inhibition by SA. It is known that TGA factors can recruit different interacting proteins, like NPR1 and SCL14, to different SA-inducible promoters (Rochon et al., 2006; Fode et al., 2008) . Conspicuously, the group of TGAdependent genes that were not suppressed by SA contains transcription factor ANAC032 (Supplemental Data Set S4). In the absence of ACC, this gene can be induced by SA and requires class II TGAs and their coactivator SCL14 for maximal expression (Fode et al., 2008) . The ANAC032 promoter encodes three TGACGT motifs and is most likely a direct target of the TGA-SCL14 complex. Moreover, it contains a GCCGCC box, which might serve as a binding site for ORA59. Therefore, it can be envisioned that adding SA to the ACC-treated plants leads to a lower activation of the promoter by ORA59, which is compensated for by the activating effect of SA through the TGA-SCL14 complex (Fig. 7) .
Class II TGA Factors Are Not Required for Expression of a Group of ACC-Induced Genes That Are Not Subject to the SA Antagonism
From 228 genes that were expressed independently of TGA factors, only 1 gene was suppressed by SA. This supports the notion that class II TGAs are the main mediators of the SA-ET antagonism. Although gene ontology term analysis did not indicate that TGAregulated genes encode more proteins involved in defense than TGA-independent genes, we noticed that genes related to general processes, like ET synthesis (1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID OXIDASE2 [ACO2] and ACO3) and signaling (CONSTITUTIVE TRIPLE RESPONSE1 [CTR1] and ETHYLENE RECEPTOR2) are expressed in a TGAindependent manner. Only the stress-responsive 1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE6 is expressed to lower levels in the tga256 mutant. Thus, general ET responses might not be under the control of TGA factors. This fits to the observation that TGA factors are only marginally contributing to the ACCinduced growth defects at the seedling stage and that they do not influence the strong ctr1 phenotype (Fig. 6) .
The antagonism between the SA-dependent and the JA-ET-dependent signaling pathways has been observed in many species, including members of monocots and dicots (Thaler et al., 2012) , suggesting that it is under strong positive selection. Class II TGAs at the ORA59 promoter play an important role in this process, at least in Arabidopsis. Additional studies will have to unravel how this SA-mediated repression is executed by either ROXY-type glutaredoxins or other regulatory mechanisms. Moreover, processes occurring downstream of ORA59 transcription have to be elucidated.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana) accession Columbia (Col-0) was used as the wild type, and all mutants and transgenic plants were in the Col-0 background. The tga6-1 tga2-1 tga5-1 (tga256) triple mutant (Zhang et al., 2003) was obtained from Yuelin Zhang (University of British Columbia, Vancouver, Canada), and the ctr1-1 (ctr1) mutant (Kieber et al., 1993; Nottingham Arabidopsis Stock Centre [NASC] stock N8057) and the ora59 mutant (GABI-Kat line GK-061A12) were from NASC. Genotyping of ora59, which contains a transfer DNA insertion at position amino acid 151 within the 244-amino acid open reading frame, was performed with primers P1/P2 (Supplemental Table S1 ). The progeny of the ctr1 tga256 cross was genotyped using primers P3 to P8. Except for the triple response assay, where seedlings were grown on agar plates containing Murashige and Skoog (MS) medium in the dark, plants were grown for 4 weeks on steamed soil (Archut, Fruhstorfer Erde, T25, Str1fein) 
Chemical Treatment and Pathogen Infection
For ET induction, plants were sprayed with 1 mM ET precursor ACC (Sigma-Aldrich; Pieterse et al., 1998) . For the SA-ACC treatment, 1 mM sodium salicylate (Merck) was applied either alone or together with ACC. Water spraying served as the control treatment. Plants were harvested at the time points indicated. Drop infection with B. cinerea and quantification of lesion sizes were done as described before (Zander et al., 2010) . For the triple response assay, surface-sterilized wild-type and tga256 mutant seeds were sown on agar plates containing MS medium supplemented with or without 10 mM ACC. After 4 d at 4°C in the dark, the seedlings were transferred for 2 h to the light and then again, 2 d in the dark at 22°C.
Quantitative RT-PCR Analysis
RNA extraction and quantitative RT-PCR analyses were performed as described (Fode et al., 2008) . Calculations were done according to the 2 2DCT method (Livak and Schmittgen, 2001 ) using the UBIQUITIN5 (At3g62250) gene as a reference (Kesarwani et al., 2007) . Primers serving to amplify and quantify transcript levels are indicated in Supplemental Table S2 .
Construction of Recombinant Plasmids and Stable Plant Transformation
Gateway technology (Invitrogen) was used to generate binary vectors for analysis of the ORA59 promoter. The promoter region from base pair position 2933 to +45 relative to the predicted transcriptional start site (+1) of the ORA59 (At1g06160) gene was amplified using primers P9 and P10 (primer sequences are shown in Supplemental Table S1 ), which add GATEWAY recombination sites to the promoter fragment. Genomic DNA extracted from Col-0 plants using the DNeasy Plant Mini Kit (Qiagen) served as the template. The fragment was inserted into pDONR223 (Invitrogen), resulting in pDONR223/ORA59Pro. Mutation of the TGACG(T) motif at base pair position 2314 to -319 to five As was achieved by PCR using primer pairs P11-P12 and P13-P14 and pDONR223/ORA59Pro as a template, resulting in two fragments that subsequently served as templates for overlapping PCR with primers P11 and P14. Promoter fragments were recombined upstream of the GUS gene in the binary vector pBGWFS7 (http://www.psb.ugent.be/ gateway/). Sequencing confirmed that promoter sequences were identical to the published sequences (TAIR) and that the mutations had been introduced as indicated in Figure 5 . For generation of transgenic plants, binary plasmids were electroporated into Agrobacterium tumefaciens strain GV3101 (pMP90). The resulting agrobacteria were used to transform Col-0 plants using the floral dipping method (Clough and Bent, 1998) . The combined material of 20 to 30 individuals of the F2 progeny of 22 independent lines of each construct was analyzed.
GUS Assays
Quantitative GUS assays were performed using 4-methyl-umbelliferyl-b-Dglucuronide (Sigma-Aldrich) as a substrate (Jefferson, 1989) . The released fluorescence was measured with a Synergy HT plate reader (BioTek). The total amount of protein was determined using the Bradford assay solution.
Microarray Analyses
Four-week-old soil-grown wild-type and tga256 mutant plants were treated for 12 h with 1 mM ACC, 1 mM SA, or a combined treatment with 1 mM ACC and 1 mM SA or water. The experiment was repeated three times. In each experiment, the aerial parts of eight plants per treatment and genotype were combined, resulting in three independent samples per treatment and genotype. RNA extraction was carried out using the RNeasy Plant Mini Kit (Qiagen). Microarray analysis was performed with Arabidopsis ATH1 arrays by the NASC's International Affymetrix Service. Robust multiarray averagenormalized data, fold change values, and P values derived from moderated t statistics were obtained from the Affymetrix CEL files using the Robin version 1.1.2 software (Lohse et al., 2010) . To cluster and visualize relative expression data by one-dimensional self-organizing maps, robust multiarray averagenormalized expression values (linear scale) were imported into the MarVis version 1.0 program (Kaever et al., 2009) . Aggregation of repeated measurements for each condition was performed using the corresponding mean values. The resulting intensity vectors were normalized using the Euclidean norm before clustering. Supplemental Data Set S9 gives the expression values of the genes as sorted by the MarVis cluster analysis. For cis-element enrichment analyses, the algorithm Cluster Analysis Real Randomization incorporated into Motif Mapper version 5.2.4.01 (Berendzen et al., 2012) was deployed to define significant distribution alterations compared with 1,000 randomly composed, equally sized reference promoter datasets; 1,000-bp upstream regions of 33,602 Arabidopsis genes were downloaded from TAIR (ftp://ftp. arabidopsis.org/Sequences/blast_datasets/TAIR10_blastsets/upstream_sequences/ TAIR10_upstream_1000_20101104), and promoter regions were analyzed with a motif list containing 1,418 promoter elements from the JASPAR (Sandelin et al., 2004) , PLACE (Higo et al., 1999) , TRANSFAC (Matys et al., 2006) , and Plant-CARE (Lescot et al., 2002) databases. After determination of motif (Watson or Crick orientation) abundance, enrichment or depletion in the experimental dataset compared with the randomized background was calculated using a standard Z score.
ChIP Analyses
Four-week-old soil-grown wild-type and tga256 mutant plants were treated for 24 h with 1 mM ACC or water. Leaf material from 10 plants per treatment and genotype was combined and cross linked. Cross linking and chromatin isolation were performed as described in Fode et al., 2008 . The immunoprecipitation was carried out as previously described (Saleh et al., 2008 ) using a TGA2,5 antiserum (Ndamukong et al., 2007) . For preclearing, the chromatins were incubated with preimmune serum for 2 h at 4°C and subsequently incubated with Protein A Dynabeads (Invitrogen) for another 2 h at 4°C. The chromatins were incubated overnight with 5 mL of TGA2,5 antiserum and afterward, for 2 h at 4°C with Protein A Dynabeads (Invitrogen). After washing, elution, and precipitation, the DNA was subjected to quantitative PCR analyses. Calculations were done according to the 2 2DCT method (Livak and Schmittgen, 2001 ). An amplified genomic fragment of ACTIN8 was used for normalization. Primers are depicted in Supplemental Table S1 (ACTIN8 P15-P16, ORA59 P17-P18, and ERF96 P19-P20). Arabidopsis Genome Initiative numbers for genes described in this article are listed in Supplemental Table S3 . Microarray data have been deposited in the NASC's microarray database under reference number NASCARRAYS-569 (ftp://ftp.arabidopsis.info/NASCarrays/By_Experiment_ID/Exp569/).
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